In this work, we report our preliminary results for the presence of the vacancy, as well as for the boron and nitrogen impurities in non-passivated [001] silicon nanowires. The results show that defects and dopants tend to segregate to the nanowire surfaces, as observed for passivated [110] ones, but at the (-2) charge state, due to the metallic character of the [001] nanowire. The vacancies are stable at the facets, while the impurities stay preferentially at the interstitial site, making bridges with the lateral surface Si atoms, below to this surface. As a consequence, the surface -states located at the facets are filled and a small bandgap appears in the calculated defect band structures.
Introduction
In recent years, silicon nanowires (SiNWs) have been considered as important nano systems for future opto-and electronic devices, e.g., as active media in highly efficient photovoltaic devices or in multigate FETs [1] . In device applications, intrinsic defects, as well as extrinsic dopants, play a significant role [2] .
However, almost all published theoretical works on this matter have considered only passivated SiNWs grown in the [110] direction [2] [3] [4] , which is the experimentally preferable direction for the thin nanowires [5] . Concerning to the [001] one, Durgun et al. have considered defects and impurities in Hsaturated [001] SiNWs [6] . Zhang e Guo [7] have studied passivated [001] SiNWs doped with carbon, but with only a single dangling bond free at the surface. So, the relationship between the surface modifications and the electronic properties for completely non-passivated [001] SiNWs containing defects still remains an open problem.
As remarked by Leao et al [3] , the dopants in SiNWs tend to segregate to their surfaces, trying to combine with the surface dangling bonds and thus, becoming electrically inactive in thin nanowires. They have considered this effect as an extreme confinement one because, as the nanowire diameter increases, their results show that the impurities tend to become shallow levels as in the bulk Si.
Our recent theoretical results [8] based on TightBinding calculations have shown that, for nonpassivated SiNWs, the rearrangement of Si atoms at the lateral surface follow the same features of the Si surfaces, forming a buckled dimers array in the case of [001] nanowires. We have also noted that, at the interface of two dimer arrays, a facet is formed. With these structural features, surface states appear at the bandgap and the SiNWs, then, exhibit a metallic behavior.
Based on these features observed in the evaluated electronic properties of [110] SiNWs, it is interesting to know if a defect, such as a vacancy, or an impurity, can interact with these surface states, "cleaning" the [001] nanowire bandgap and recovering its semiconducting properties. So, we present in this work our preliminary results evaluated for the structural properties, formation energies and the electronic structure for the Si vacancies as well as for B and N impurities in [001] non-passivated SiNWs.
Methods and Results
Our calculations were done by using the Density Functional Theory (DFT) within the Local Density Approximation (LDA), gradient conjugated techniques, and the plane-wave pseudopotential method, as implemented in the Abinit code [9] .
We have used the optimized norm-conserving Troullier-Martins pseudopotentials (obtained from the Opium code [10] ), and the results were converged with a cutoff energy of 60 Ry for the plane wave expansions of the wave functions. A (1, 1, 4) Monkhorst-Pack mesh was used to sample the Brillouin zone, and the atomic positions have been relaxed until the maximum force was lower than 5.010 -5 Hartrees/Bohr. In our supercell model used to describe these systems, the Si nanowires in each neighboring cell were separated by a vacuum length of 12 Å. Moreover, our evaluated theoretical bulk Si lattice parameter, 5.457 Å, was used to define the nanowire supercell.
We have started our calculations by letting the atoms of the perfect [001] nanowire to relax. The obtained atomic configuration for the relaxation process is drawn in Figure 1 , where we compare the initial and final relaxed atomic positions.
Our obtained results shown in Figure 1 are in good agreement with our previous tight-binding results [8] : the atoms of the lateral surfaces relax in order to induce the formation of {110} facets to release the accumulated stress at outermost surfaces. Also, the four Si atoms at the vertices make a bond angle of around 36 degrees with its neighbors. One consequence of the presence of facets is the metallic character given to the surface states presented in the bandgap in non-passivated SiNWs. In fact, as shown in Figure 2 , where both the highest occupied and the lowest unoccupied Kohn-Sham (KS) states were drawn, we have noticed that the  bonds formed from the Si-3p atomic orbitals are located at the facets. This particular feature is in good agreement with Rurali and Lorente results [11] , and drove us to speculate about what happen if a vacancy, or an impurity, is put judiciously there.
In order to simulate the presence of a vacancy in the nanowire, based on the remarks done by Leao et al [3] , as the defects tend to segregate to the nanowire surfaces, we only have considered the sites 1 and 2 depicted in Figure 1 (b) . For the case of B and N impurities in SiNWs, we also have considered the interstitial site, which is designed by the number 3 in the same Figure. After letting the defect supercell atoms to relax, we have evaluated the defect formation energies by following the recipe given by Leao et al [3] . We would like to remark that, in this case, there are no hydrogen atoms. In Table I , we show our evaluated results for the defects formation energy differences with respect to their most stable site. It is interesting to remark that all studied defects are more stable at the double negative charge state. However, while the impurities prefer to occupy the interstitial site, the vacancy appears at the facets but, we cannot discard its presence at the lateral surfaces: the formation energy difference between these two possibilities is only 14 meV/atom higher.
In Figures 3-5 , we display the calculated band structures of the studied defects compared with the "perfect" non-passivated SiNW. We have observed in these figures that the presence of negatively charged defects "open" the bandgap, by perturbing the facets orbitals, as expected. In the case of boron impurity, however, this effect is the smallest. 
Discussion
Qualitatively, our results are in good agreement with previous theoretical data for SiNWs grown in the [110] direction [3] [4] [5] : defects and dopants in SiNWs tend to segregate to their surfaces, trying to combine with the surface dangling bonds and thus, the whole system become electrically inactive.
Considering our obtained results for the N impurity, we have found that this dopant prefer to occupy the interstitial site close to the surface, making a bridge with the three Si atoms at the lateral surface, in good agreement with previous theoretical data published by Durgun et al. [6] . In the case of the B impurity, to our knowledge, there is no published data in the literature for non-passivated [001] silicon nanowires. Our results show that this dopant also makes a bridge with the three surface Si atoms, but a little apart from these, when compared with the N position, which is closer to the surface.
It is interesting to remark that, as boron is an acceptor in bulk Si, we then expected that this impurity could trap the surface electrons at the facets. Our results, however, show that the dopant electronegativity plays this role. As nitrogen is more electronegative than both Si and B, it is more efficient to attract the surface electrons at the facets, despite the fact that N is a deep donor in bulk Si. This feature is clearly noted when we compare how the bandgap "opens" with the presence of N, com-pared with the B dopant, as displayed in Figs. 4 and 5. In Figure 6 , where we display both the highest occupied and the lowest unoccupied KS states for the N impurity at SiNW, we have noted the above mentioned feature: the presence of this dopant breaks the surface -states in the facets at the left side of the SiNW. This shows how we can break the metallicity in thin nanowires. Concerning to the vacancy, as described in Table  I , this defect is more stable when it is located at the surface facets, also at the (2-) charge state. As a consequence, its electronic structure, depicted in Fig. 3 , also shows the breaking the surface -states in the facets by "opening" the bandgap.
In Figure 7 , we show the evaluated KS orbitals for the highest occupied state and the lowest unoccupied one, respectively for the Si vacancy in the nanowire. Here, our results show that creating a vacancy at the facets is quite efficient to break the surface -states in the "perfect" nanowire: instead of two facets as observed with the dopants, the vacancy breaks three of them. However, considering the evaluated defect band structures, if we compare Figs. 3 and 5, we note that the presence of a N impurity at the interstitial site, close to the surface, "opens" the bandgap more than the creation of a vacancy at the {110} facet. [3] [4] [5] : defects and dopants in SiNWs tend to segregate to their surfaces. Moreover, due to the metallic character of the thin nanowires, the vacancies and the impurities considered are stable in the (-2) charge state. The evaluated formation energies indicate that vacancies are created at the facets, while the impurities remain preferentially at the interstitial site, making bridges with the lateral surface Si atoms, in agreement with the remarks done by Durgun et al. [6] . As a consequence, the surface -states located at the facets are perturbed and a small bandgap appears in the calculated band structures of all studied defects in thin [001] SiNWs.
Another way to break the influence of the facets in the [001] SiNWs is to increase the diameter of the nanowire, as already pointed out by Rurali at al. [1] . Calculations for the presence of impurities and defects in larger SiNWs (diameter ~ 20.8 Å) to check this hypothesis are currently underway.
